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Abstract: In this communication, a comparative energy and exergy analysis of various conventional solar 
distillation systems has been presented. The study includes passive solar distillation systems such as single and 
double slope solar stills. In a single slope solar still category, three solar stills with inclination angles 15°, 30° and 
45° and a 15° inclined single slope multi wick solar still have been considered. Whereas one double slope solar 
stills and one double slope multi wick solar still, both inclined at 15° with east- west orientation, have been 
considered in double slope solar still category. The embodied energy is an important factor which depends on 
locally available materials and their manufacturing technologies. Materials like concrete, wood, steel etc are 
considered to calculate the embodied energy for the solar still equivalent to the fibre reinforced plastic after 
deriving the formulae. It has been found that the energy, exergy and embodied energy of single slope solar still 
are found higher than that of double slope solar still. Those materials which have lower thermal conductivity and 
low embodied energy than that of FRP such as concrete, PVC, wood can replace the FRP to save the embodied 
energy for similar performance. The metals have high embodied energy hence these can not be considered in 
terms of embodied energy despite the use of insulation. 
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Nomenclature 

A s area of solar still m Imperial thickness of material m 

I(t) solar intensity W/m 2 l metal thickness of metal m 

£ x exergy output W/m htywfoam thickness of Styrofoam m 



evap 2 ™ hourly distillate collected kg/m 2 -h 

£ x exergy input W/m " L ew 

in r i h heat utilized in evaporation of water... W/m 2 

^■material thermal conductivity of material.W/mK ^ew 

K metal thermal conductivity of metal W/mK T a ambient temperature K 

K FRP thermal conductivity of FRP W/mK T s sun temperature K 

L latent heat of vaporization kJ/kg-K 

1. Introduction 

A solar distillation is a water purification technology. Saline/brackish water can be purified 
using solar energy. This technology works on the principles of greenhouse effect and 
hydrological cycle. The use of solar energy to produce potable water is a key factor in context 
of water & air pollution, global warming, energy security and climate change because most of 
other water purification technologies use conventional sources of energy such as coal, oil, gas 
etc [1]. A solar still is a device used for solar distillation in which impure or saline water is 
fed to obtain distilled water. It is a box type structure made of some materials such as fibre 
reinforced plastic (FRP), wood, concrete, or steel with insulation. It is covered with a simple 
window glass through which the solar radiation passes to incident on the water surface. A 
small amount of reflection heat losses and absorption take place at the glass cover and the 
water. A major part of incident solar radiation is absorbed by the basin liner. This heat is 
transferred to the saline water by convection as top heat loss and to the ambient as bottom 
heat loss. Heat transfer from the water to the glass cover take place by three mechanisms: 
evaporation, convection and radiation. Vapour leaves most of contaminants and microbes 



3929 



World Renewable Energy Congress 201 1 - Sweden Solar Thermal Applications (STH) 

8-13 May 2011, Linkoping, Sweden 

through thermal diffusion on the basin liner. Further the vapour undergoes film type 
condensation at the inner surface of the glass cover because of inclination of glass cover, 
adhesion, cohesion between condensed water molecules, and gravity. The condensed water 
trickles down to a trough which guides it into a container placed otuside [2]. Researchers have 
worked to improve the performances of solar stills by suggesting its various designs, materials 
and operating conditions for different weather conditions. Tiwari and Tiwari [3] have reported 
that the yield from a single slope passive solar still may vary from 0.5 to 1.2 kg/m 2 /day (in 
winter) and 1.0 to 2.5 kg/m 2 /day (in summer) for Delhi, India. Tiwari [4] has found the 
efficiency of the single slope solar still 25.8, 19.7, 22.8 % at glass cover inclinations 15°, 30° 
and 45° respectively for the summer climatic condition of Delhi, India. Malik et al. [2] have 
shown that overall efficiency of a passive solar still is achieved with least water mass in the 
basin. 

Energy and exergy analysis of solar stills have been presented by various researcher such as 
Dunkle [5], Cooper [6], Tsilingiris [7], and Dwivedi [8, 9] etc. A group of improved heat and 
mass transfer correlations in basin type solar stills has been developed by Hongfei et. al. [10]. 
Torchia- Nunez et al. [11] have found that for same exergy input a basin, brine and passive 
solar still have exergy efficiencies of 12.9%, 6%, and 5% respectively. Dev and Tiwari [12, 
13] developed the characteristic equation for single and double slope passive solar stills. In 
ideal solar still, the instantaneous loss efficiency is minimum (for zero depth of water mass) 
as analyzed by Cooper [6]. Rubio et al. [14, 15] have studied asymmetries in various 
temperatures and amount of distillate for a double slope passive solar still (DSPSS) and 
proposed mathematical models, one in terms of lumped parameters and another for controlled 
temperatures of glass cover and basin. Dwivedi and Tiwari [8, 9] have reported that the 
thermal efficiency for single and double slope solar still varies from 22.6% to 31.3% and 
25.4% to 34.3% respectively at 0.01 m water depth. Similarly, the average exergy efficiency 
for single and double slope solar still is 0.65% and 0.82% respectively. The exergy efficiency 
of single and double slope solar still varies from 0.18 to 1.25% and 0.13 to 1.16% 
respectively. Tiwari and Yadav [16] have shown that a single slope distiller gives better 
performance than a double slope for cold climatic conditions whereas a double slope distiller 
gives better performance than a single slope for summer climatic conditions irrespective of 
either basin type or multi-wick type. It has also been reported that the concrete basin solar still 
gives better performance than the FRP single and double slope stills because of the 
probability of leakage of vapour in the FRP stills was more than for the concrete still. 
Sakthivel and Shanmugasundaram [17] have shown that the efficiency of single slope solar 
still using the black granite gravel reaches up to 52% maximum which is 8% higher than the 
conventional single slope solar still. Singh and Tiwari [18] have studied double effect multi- 
wick solar stills to increase the still efficiency by utilizing the latent heat released by the vapor 
at first effect. Kumar and Anand [19] have studied shown that a tubular multiwick solar still 
gives distillate output of about 8%, 13%, and 18% more than tubular, simple multi-wick and 
conventional basin type solar stills respectively. 

The embodied energy is an important factor which depends on locally available materials and 
their manufacturing technologies. Hence, on the basis of literature survey the performance of 
the solar stills on the basis of energy, exergy and materials have been analyzed in this paper. 

2. Solar distillation systems 

Passive solar distillation systems such as single and double slope solar stills have been taken. 
In a single slope solar still category, three solar stills with inclination angles 15°, 30° and 45° 
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(Fig. la, lb) and a 15° inclined single slope multi wick solar still have been considered. 
Whereas one double slope solar stills and one double slope multi wick solar still both inclined 
at 15° with east-west orientation, have been considered in double slope solar still category 
(Fig. lc, Id). All these experimental setup have been installed at Solar Energy Park, I.I.T. 
Delhi, New Delhi, India (28°35' N, 77°12' E, altitude 216 m from mean sea level). The single 
slope solar still works on same principle as given above. 




Fig. 1 Various solar stills: (a) Single slope solar still inclined at 15° and 30° with orientation towards 
south, (b) Single slope solar still inclined at 45° with orientation towards south, (c) Double slope solar 
still inclined at 15° with orientation towards east-west, (d) Double slope multi-wick solar still inclined 
at 15° with orientation towards east-west. 

A schematic diagram of double slope passive solar still has been shown in Fig. lc. Two 
simple window glasses have been placed over the walls of the solar still at inclination angle 
15° facing east and west directions. To absorb higher amount of solar radiation, an inside 
surface of the solar still has been painted black in color. An inlet through the rear wall has 
been provided to feed the brackish/underground water in to the basin of the solar still. And 
two troughs are provided at inside of each short wall of the solar still to collect the distilled 
water. The orientation of the solar still has been kept east-west to receive solar radiation for 
maximum hours of sunshine. When the sun lies in the east direction then higher temperature 
difference occur at west side due to low glass temperature which yield higher amount of 
distillate at this side and vice versa except at the time of noon when both the glass covers have 
almost the same temperature. 

In the single and double slope multi-wick solar still, water is fed from water reservoir through 
the multiple porous absorbers (black jute cloth) at a slow rate for fast evaporation. The saline 
water goes upwards due to capillary action in the jute cloths and forms a thin water layer. The 
solar radiation, after transmission through the glass covers, strikes this water film and heats 
the water. The water evaporates and condenses at the inner surface of the glass cover by 
releasing latent heat of vaporization. The condensed water is collected through the drainages 
for distilled water. A double slope multi-wick solar still, as shown in Fig. Id, is a 
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development over the single slope multi-wick solar still similar to double slope solar still, 
Malik et al. [2]. The specifications of these solar stills are given in Table 1. 

Table 1. Design specifications of solar stills which are installed at Solar Energy Park, Centre for 
Energy Studies, ITT Delhi, New Delhi, India. 



Sr. 

No. 



Specifications 



Single slope solar still 



Conventional 



Multi-wick 







Typel 


Type 2 


Type 3 


Type 4 


1 


Area of basin (m 2 ) 


lxl 


lxl 




lxl 


1.1 x 1.14 


2 


Height of south wall (m) 


0.06 


0.15 




0.15 


0.06 


3 


Height of north wall (m) 


0.26 


0.74 




1.15 


0.25 


4 


Angle of inclination (°) 


15 


30 




45 


15 


5 


Size of glass (m 2 ) 


1.02 x 1 


1.02 x 1.2 1.02 x 1.44 


1.02 x 1.14 


6 


Quantity of glass 


1 


1 




1 


1 


7 


Putty (kg) 


1 


1 




1.5 


1 


8 


Paint (kg) 


0.5 


0.8 




1 


0.5 


9 


Iron stand (kg) 


5 


20 




18 


17 


10 


Metal (kg) 


0.2 


0.2 




0.2 


nil 


11 


Jute cloth (m 2 ) 










4x1 


Double slope solar still 








Conventional 


Multi-wick 


Sr. 

No. 


Specifications 






Type 5 


> 


Type 6 


1 


Area of basin (m 2 ) 






2x1 




2 x(l.l x 1.14) 


2 


Height at ends (m) 






0.25 




0.05 


3 


Central height (m) 






0.45 




0.25 


4 


Angle of inclination at both sides (°) 




15 




15 


5 


Size of glass (m 2 ) 




1.02 x 1.02 


1.02 x 1.14 


6 


Quantity of glass 






2 




2 


7 


Putty (kg) 






3 




3 


8 


Paint (kg) 






1 




1 


9 


Iron stand (kg) 






35 




30 


10 


Metal (kg) 






0.2 




0.5 


11 


Black Jute cloth (m 2 ) 






... 




8x1 



3. Mathematical expressions 

Following are the mathematical expression used for the analysis of energy and exergy of 

considered solar still systems. 

The thermal efficiency of a passive solar still can be calculated by the following formula [1]: 



7i = 



m xL 

ew 



4x7/(^x3600 



xlOO 



(1) 
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Exergy efficiency of a passive solar still can be calculated by the following formula [20]: 



Ex 



n*Y = 



evap 



Ex. 



xlOO 



(2) 



in 



where, 



24 



r 



ex =v 

evap Z—j 



i=l 



T 

1- a 



\ 



T 

w J 



xq 



ew 



q =A .h . T -T. 

ipw s ew \ w gi 



l ew 



and 



&„=&».= A «I(t)x 



1-lx 
3 



a_ 

, T 



1 

+ -x 

3 



f T N 



, T 

\ 1 s J 



Equivalent thickness of materials for same performance as FRP has in case of solar still: 



K 



material 



material 



K 



x/ 



FRP 



(3) 



FRP 



Thickness of Styrofoam for insulation (when solar still is made of any metal and overall 
thermal conductivity is equivalent to FRP): 



^Styrofoam ' V Metal ''■FRP ^FRP ''■Metal 



) 



Styrofoam 



IX Metal "^ FRP 



(4) 



4. Results and discussion 

On the basis of literature survey and Eqs. (1, 2) it has been observed that energy, exergy 
efficiencies and embodied energy of single slope solar still remain higher in comparison to 
that of the double slope solar still. Dev and Tiwari [12,13] have found better performances at 
water depth 0.01 m and an inclination angle 30° for single slope passive solar still. They have 
also developed the characteristic equation of single and double slope passive solar still and 
suggested the sum of instantaneous gain and loss efficiencies (r|=r|i + t|il) remain lower than 
maximum efficiency under ideal i.e. 60%. Although, it can be seen that the energy efficiency 
can reach up to 60% maximum but because of several factor such as heat loss through vapor 
leakage and improper insulation, time lag in production, inclination angle, water depth etc, it 
does not attain such value. Similarly, the exergy efficiency which is measured for the source 
temperature i.e. sun temperature 6000 K , remain always very much lower than the energy 
efficiency because of the energy input by the sun is not fully utilized in evaporation process of 
the water in the solar still. 

The design specifications (Table 1), properties of various materials (Table 2 which consists of 
probable materials for solar still), Eqs. (3) and (4) have been used to get total embodied 
energy for the solar still by considering metals, concrete, PVC, wood etc. equivalent to that of 
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FRP (i.e. to keep the productivity of the solar still same as of FRP). The metals have been 
found large thickness due to their conductivities but these metals (thickness 1 mm) can be 
considered with insulation of Styrofoam as shown in Table 2. One can see that steel which is 
very high energy intensive material can not be recommended as a material to make the solar 
still despite the use of insulation. The thicknesses of materials such as concrete, wood, and 
PVC have been found very near to the thickness of the FRP. Materials such as glass window 
and country fired bricks have more thickness which can not be considered. 



Table 2. Various manufacturing materials of solar still, their thermal conductivities, embodied energy, 
density and thickness with and without insulation material. 






> ^ 

U w 

O LH 

(J CM 



u 

QJ OX) 12 
13 ^ ^ 



m 






o 

S 

w 



a •- 

w C 

Q 



2 ^ o 



en .5 
CI fg 

•- i 



s 
s 



03 fB 

-I— ' 

H 5-1 

o 



Copper 


401 


112 


8930 


5.7 


0.0005 


Steel 


16.3 


42 


7860 


0.232 


0.0005 


G.I. sheet 


80 


50.8 


7860 


1.14 


0.0005 


Aluminium 


250 


260 


2600 


3.56 


0.0005 


Concrete 


0.42 


2.4 


2200 


0.006 




Country fired brick 
(22x10.5x6.5 cm 3 - 
delivered at 30 km) 


1.31 


7.9 


286 


0.018 




Simple window glass 


0.96 


15.9 


2600 


0.014 




Polystyrene expanded 


0.03 


117 


640 


0.001 




Wood 


0.17 


1.8 


850 


0.0025 




PVC 


0.19 


115 


1410 


0.003 




Styrofoam (for 
insulation only) 


0.033 


100 


35 






FRP 


0.351 


92.2 


1800 


0.005 




Paint 




90 


6.1 






Jute cloth 




55 








Note: Embodied energy values based 


on several international-local sources 


may vary. 



The embodied energies of conventional single slope solar stills made of FRP, concrete, PVC, 
and wood are found and given in Table (3). The percentage increase in the embodied energy 
compared of other solar stills compared to that of single slope solar still inclined at 15°, with 
south wall height 0.06 m has also been given in same table which changes similarly 
irrespective of material used. The embodied energy double slope solar still, and double slope 
multi-wick solar still have been found to be 3070 MJ and 2323 MJ respectively when only 
FRP is considered. On the basis of this one can observe that the embodied energy of double 
slope solar stills including the multi-wick solar still are less energy intensive in comparisons 
to single slope solar stills (1361 MJ) and single multi-wick solar still (1495 MJ). One can see 
in Table 3, wood is found most suitable in terms of embodied energy but it degrades soon in 
comparison to other materials in terms of life. The PVC can be a better option over FRP in 
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terms of embodied energy and weight. According to previous studies [3, 4], single slope solar 
still inclined at 30° is suitable as per the latitude of Delhi. The total embodied energy for this 
solar still including glass, paint has been found 2587 MJ (FRP), 369 MJ (concrete), 1498 MJ 
(PVC), 292 MJ (wood). Similarly for double slope multi-wick solar still inclined at 15°, total 
embodied energy including glass, paint and fabric have been found 2875 MJ (FRP), 640 MJ 
(concrete), 1773 MJ (PVC), 562 MJ (wood). 

Table 3. Embodied energy of single slope solar still for different materials such as FRP, Concrete, 
Steel, Wood. 



Embodied energy (MJ) 



Solar 
still 



Specifications 






■M 

u 
u 

C 

o 

U 



> 

Oh 



-a 

o 
o 



^ 



u 
u 

C 



C/3 
CD 

3 



fa 
0* 



u 

pO 

cd 





15°, with south wall 
height = 0.06 m 


1361 


52 


718 


6 





168 


28 





Single 
slope 


15°, with south wall 
height = 0.15 m 


1776 


68 


937 


8 


30 


168 


45 





30° 


2306 


88 


1217 


11 


70 


208 


73 







45° 


2987 


114 


1576 


14 


120 


245 


90 







15°, Multi-wick 


1495 


57 


790 


6.6 


10 


226 


45 


27.5 


Double 


15° 


3070 


117 


1615 


13.5 


125 


345 


90 





slope 


15°, Multi-wick 


2323 


88 


1221 


10.2 


70 


407 


90 


55 



5. Conclusions 

1. On the basis of above analysis and literature survey, the energy, exergy and embodied 
energy of single slope solar still are found higher than that of double slope solar still. 

2. Those materials which have lower thermal conductivity and low embodied energy than 
that of FRP such as concrete, PVC, wood can replace the FRP to save the embodied 
energy for similar performance. 

3. The metals have high embodied energy hence these can not be considered in terms of 
embodied energy despite the use of insulation. 

4. PVC material has been found to be better in terms of embodied energy in comparison to 
other materials. 

On the basis of above study, the similar analysis can be recommended for other materials such 
as glass, steel, aluminum, copper, bricks, and other advance materials, as the research in the 
field of materials science is progressing, to have a material of less embodied energy, light in 
weight, good insulator and portable in comparison to FRP as well which should be easily 
available in less price. 
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